Effective population size over a generation (Ne) or over a reproductive cycle (Nb) and the adult census size (Nc) are important parameters in both conservation and evolutionary biology. Ne provides information regarding the rate of loss of genetic diversity and can be tracked back in time to infer demographic history of populations, whereas Nb may often be more easily quantified than Nc for short-term abundance monitoring. In this study, we propose (1) an empirical context to Waples et al. (2014) who introduced a correction to bias due to overlapping generations, and (2) a mathematical relationship between Ne and Nb for direct application in Atlantic salmon populations in Québec, Canada. To achieve this, we investigate the relationships between Ne, Nb and Nc in 10 Atlantic salmon populations, Canada, for which we genotyped 100 randomly sampled young-of-the year individuals for 5 consecutive years. The results show a positive correlation between Ne, Nb and Nc, suggesting that Nb is an indicative parameter for tracking effective population size and abundance of Atlantic salmon. However, our model allows predicting Nc from Nb values at 27% that can be partly explained by high variance in Nb/Nc both among populations (37%) and among years (19%). This result illustrates the need for thorough calibration of Nb/Nc before using Nb in monitoring programs, as well as a full understanding of the limits of such an approach. Finally, we discuss the importance of these results for the management of wild populations.
INTRODUCTION
In many ecological and evolutionary research contexts, two important variables to be estimated in natural populations are the effective population size (over a generation (Ne) or over a reproductive cycle (Nb or effective number of breeders)) and the adult census size (Nc) (Frankham, 1995; Waples, 2005; Waples et al., 2014) . In conservation biology, Ne is important chiefly because it determines the rate of loss of genetic variability and the rate of increase in inbreeding in a population. Ne is defined as the size of an ideal Wright-Fisher population exhibiting the same amount of genetic drift and inbreeding as the population under consideration (Wright, 1931) . Ne may be complicated to estimate in most populations because of age structure, generation overlap and iteroparity . Nb is a concept derived from Ne that refers to the effective number of breeders during a single breeding event (Waples, 1989) . The two measures are directly connected because Nb times the generation time approximates Ne (Waples, 1989) . For Nb, only one season of data collection is needed. This parameter is thus generally more easily quantifiable than Ne as it can be inferred from a single cohort (for taxa with easy distinguishable cohorts), and might be a more accessible parameter for managers dealing with yearly conservation decisions (Waples, 2005; Luikart et al., 2010; Tallmon et al., 2010) . Nc, the adult census population size, is generally defined as the total number of potential (sexually mature) breeders that can sometimes be assessed by directly counting individuals. However, this task is often problematic when Nc is large or because detecting all individuals is difficult and we thus often must estimate Nc. Therefore, estimates of Nb from genetic methods would be useful for tracking population trends if Nb reflects the number of adults in a population (that is, if a positive correlation is observed between Nc and Nb). In this case, Nb estimates would provide a complementary metric or could potentially be used in the place of abundance monitoring .
Knowledge of the relative magnitudes of these three parameters (Ne, Nb and Nc), as expressed by the ratios Ne/Nc and Nb/Nc, is important for disentangling the relative risks that demographic, environmental and genetic factors might pose for population persistence in the short term (Frankham, 1995; Palstra and Ruzzante, 2008) . Expressed simply, for a given Ne, a population with a small Ne relative to Nc (that is, small Ne/Nc ratio) will lose gene diversity more quickly than an equal-sized population with a greater Ne/Nc ratio. Factors that can maximize this ratio are (1) a maximum number of breeders in each subsequent generation (or year), (2) more equal family sizes, (3) more equal sex ratios of breeders and (4) a reduced fluctuation in population size. Temporal fluctuations in effective size and the Ne/Nc ratio are not uncommon in natural populations and can be larger than differences between populations (see, for example, Miller and Kapuscinski, 1997; Heath et al., 2002 , Waples, 2002 , Shrimpton and Heath, 2003 Fraser et al., 2007) . Several studies have suggested that no simple relationship between Ne and Nc may exist, either because of habitat factors or because of population expansion and contraction (Ardren and Kapuscinski, 2003; Watts et al., 2007; Fraser et al., 2007; Belmar-Lucero et al., 2012 , and see review in Palstra and Fraser, 2012) . Although these authors argued that more empirical studies are needed, they gave recommendations to accurately approximate such a relationship with a particular emphasis to better report the uncertainties in variables (Palstra and Fraser, 2012) .
Genetic methods often represent the only feasible way to estimate effective sizes (Nb and Ne). The so-called temporal methods-which use genetic data in two or more temporally spaced samples taken from the same population (Waples, 1989 ) -exploit the temporal changes in allele frequencies and are in general more accurate and robust than other genetic methods. However, collecting temporal data separated by at least one generation could be expensive, especially for long-lived species that have large generation intervals and are usually more of conservation concern. Furthermore, such species usually have overlapping generations and a sampling interval much larger than a generation is necessary to yield accurate Ne estimates. The most widely used single-sample method calculates Ne from linkage disequilibrium (LD) among loci that are unliked (Waples and Do, 2008) . The method relies on the fact that in a system where gametes are distributed at random among a small number of zygotes, there will be departures from expected genotype and gametic frequencies, both of which can be used to estimate Ne. In the case of age-structured populations, genetic estimates using the LD methods are strongly affected by both Ne per generation and Nb per breeding season. Samples from single cohort are the most amenable to quantitative bias adjustments resulting from overlapping generations. In this way, Waples et al. (2014) showed that single-cohort samples can be used to estimate Ne with little bias. They proposed formulas to adjust genetic estimates of effective size (Nb and Ne) to correct bias because of age structure using two or three simple life-history traits.
The Atlantic salmon (Salmo salar, L.) is a well-known iteroparous species with overlapping generations and has a complex life history that includes spawning, juvenile rearing in rivers and extensive feeding migrations on the high seas. As a result, Atlantic salmon goes through several distinct phases that can be identified by specific changes in behavior, physiology and habitat requirements. It is an anadromous fish, typically spending 2-3 years in fresh water, migrating to the ocean where it also spends 2-3 years and then returning to its natal river to spawn. The abundance (Nc) of Atlantic salmon has been declining worldwide over the past decades (Friedland et al., 2003; Chaput, 2012; Dionne and Cauchon, 2014) . This decline has been attributed to several causes including most ocean productivity decrease because of climate change (Mills, 2013) , commercial fisheries (Friedland et al., 2003) as well as habitat disconnection and deterioration (Hall et al., 2012; Nieland et al., 2015) . As an indirect consequence of the drop of Nc, Nb and Ne may also decrease, potentially resulting in increased inbreeding depression, loss of local diversity and of evolutionary potential in small populations. Although international management plans have been deployed to mitigate this worldwide decline (that is, cessation of commercial fishing, although with few exceptions), populations trends are mostly not reversing (Hermansen et al., 2015) . Meanwhile, based on descriptors of population health, finetuned management and conservation actions have been undertaken at the population level (Parrish et al., 1998; Limburg and Waldman, 2009) . In this context, monitoring trends in Ne, Nb and Nc and understanding the links among these parameters may help to refine Atlantic salmon population health indices and ultimately conserve more adequately the genetic integrity of threatened populations. Monitoring these parameters and especially extrapolating a Nc value from a Nb or Ne estimate could also possibly replace direct abundance monitoring in rivers where such classic operation can be logistically challenging.
The main goal of this study is to empirically explore the relationship between the three estimates, Nc, Nb and Ne, taking into consideration different demographic factors and temporal fluctuations (sampling over a generation time) in 10 populations of Atlantic salmon. We took advantage of a large data set partly published in Perrier et al. (2016) . To the data set of Perriers et al. (2016) , we added one population and two additional years on all populations, thus comprising an entire generation time (that is, 5 years; Dionne and Cauchon, 2014) . We genotyped ∼ 5000 1-year-old Atlantic salmon at 15 highly variable microsatellite markers in 10 different populations for 5 consecutive years (∼100 individuals per river and per year). Being an iteroparous and anadromous species, the Atlantic salmon appears a suitable species to propose an empirical context to Waples et al. (2014) , who introduced a correction to bias because of overlapping generations on simulated data. Although fastidious, counts of spawn adult breeders returning to their natal river can be done to get an estimate of Nc. Atlantic salmon has also been well studied and described in terms of variation among rivers and several key life-history traits. In this context, the large data set used in this study offers the opportunity to propose an empirical relationship between Ne and Nb for direct application in Atlantic salmon populations in Québec, Canada. Finally, we also aim to test how much Nb reflects an Nc estimate by examining the correlation between these two measures.
MATERIALS AND METHODS

Study sites, sampling and estimates of census size (Nc)
A total of 4730 1-year-old parr (juveniles) were sampled using electrofishing in 10 rivers during summer in 2010, 2011, 2012, 2013 and 2014 corresponding to the breeding years 2008, 2009, 2010, 2011 and 2012 (Table 1 and Figure 1 ; Perrier et al., 2016) . These rivers were chosen according to the (1) representation of the different regional genetic groups identified in the studied area (Dionne et al., 2008; Moore et al., 2014) , (2) variation in census size estimates, (3) levels of stocking and (4) logistical feasibility of sampling. Individuals were sampled with respect to the guidelines of the Canadian Council on animal care and details for the sampling within river are provided in Perrier et al. (2016) . Whole fish were stored immediately in 50 ml tubes with 95% ethanol. The median number of juveniles effectively genotyped per river and per year was 98 individuals ( Table 1) .
The number of anadromous adults returning to a river for a given year has been assessed for each river allowing an estimate of Nc for each sample. Basically, the number of spawners for each river is estimated using migratory pass, count barriers or snorkeling methods that are considered to provide the most reliable evaluation for a given river (Fontaine and Caron, 1999; see Perrier et al., 2016 for details) . Such estimates for the Laval River were not available for the corresponding 5 years. Instead, according to the standard protocol of the Ministère des Forêts, de la Faune et des Parcs du Québec (Fontaine and Caron, 1999) , data for the Laval River were estimated assuming that interannual variations are approximately the same as those observed in the other rivers of the region. The census size within a river across a generation (hereafter named Nc pool ) was obtained by summing Nc over years×(α/number of sampled years), with α = age at maturity ( = 3.4 years).
Genotyping, genetic diversity and differentiation
All methodological steps from DNA extraction to genotyping through amplifications at 15 microsatellites are detailed in Perrier et al. (2016) . Potential presence of null alleles and large allelic dropout were tested using the software MICROCHECKER (Van Oosterhout et al., 2004). F is , H o and H e for each marker and river were estimated using FSTAT 2.9.3 (Goudet, 1995) and were mainly used to ensure the absence of technical problems that may have led to abnormal heterozygotes excess or deficit. Using Genepop v 4.2.2 (Rousset, 2008) , we estimated F st between rivers to assess the potential structure among rivers and F is for each river. The stability across years of the genetic structure between rivers was tested computing Pearson's correlation coefficient between F st estimates for each pairwise comparison year. Moreover, an analysis of molecular variance conducted with rivers nested within year was also performed with Arlequin version 3.5.1.2 (Excoffier and Lischer, 2010) . The relationship between F is values and Nb LDadj /Nc ratio was subsequently tested by a linear regression model in order to test for a putative within-river Wahlund or Allendorf-Phelps effects (Allendorf and Phelps, 1981; Waples, 1998; Castric et al., 2002) . Migrants across populations were identified using Geneclass2 (Piry et al., 2004) and then removed for subsequent analyses.
Estimates of effective number of breeders (Nb), effective population size (Ne) and their ratio to census size (Nc)
Our sampling design allowed assessing (1) Nb estimates from each consecutive cohort (from 2008 to 2012) of the 10 rivers and (2) Ne estimates over a generation by analyzing consecutive cohorts from a same river jointly. We estimated Nb for each of the 50 samples using two different singlesample estimator methods. The first was the Sibship assignment method (Wang, 2009 ) that uses sibship frequencies estimated from randomly sampled pairs of individuals as being sibs sharing one or two parents. The program Colony2 (Wang, 2009) was run under the full likelihood model to estimate Nb sib by considering polygamous breeding systems for both sexes (Garant et al., 2001; Richard et al., 2013) , and no prior information on candidate parents or sibship sizes. Second, we estimated Nb LD by applying the LD (Waples and Do, 2008) method that uses the unbiased estimators of Burrow's Δ (Weir, 1979) to test for nonrandom associations between unlinked loci. For this, we used the program NeEstimator 2 (Do et al., 2014) that implements an improved version of the LDNe algorithm (Waples and Do, 2008) to better deal with missing data (Peel et al., 2013) . We used a threshold of 0.05 as the lowest allele frequency that gives the least biased results according to Waples and Do (2010) . We then used the method developed by Waples et al. (2014) that corrects bias due to overlapping generations using three simple life-history traits, and the following equation:
Where Al, α and CVf correspond to adult life span, age at maturity and variation in age-specific fecundity, respectively. We used Al = 2, α = 3.4 and CVf = 0.88 (these parameters were computed using the data published in Perrier et al., 2014 and according to Dionne and Cauchon, 2014) . Then, in order to obtain a Ne estimate for each river, we used the following equation from Waples et al. (2014) 
As these estimates (from each year and river) reflect temporal (across years) and demographic (across rivers) variation, they were subsequently used for modeling the prediction of Ne estimate from Nb estimate (see below). For each river, the ratio of number of breeders to census size was assessed dividing Ne LDadj by the Nc values within each river (Waples, 2005) . Ne for each river was also estimated pooling all consecutive cohorts into a single analysis by river using the two methods previously employed. First, the program Colony2 (Wang, 2009 ) was run with the same setting used for Nb sib estimates to get Ne estimates from pooled temporal samples (hereafter named Ne poolSib ). Second, the LDNe approach was performed to estimate the Ne pool . Pearson's correlation was computed to test the congruence between Nb LDadj and Nb sib estimates and between Ne pool and Ne poolSib estimates, as well as between the mean of Ne Adj within a river and the corresponding Ne pool . For each river, the ratio of effective size to census size was assessed dividing Ne pool by the Nc pool values (Waples, 2005) . As the ratios Nb/Nc and Ne/Nc could differ among populations and hence reflect differences in sex ratios, nonrandom mating, variance in individual reproductive success and family size and fluctuating Nc over generations, we tested whether Nb LDadj /Nc varied among rivers and among years. The results of this analysis directly reflect the variation of Ne Adj /Nc as Ne Adj was directly estimated from Nb LDadj . We used the function LMER from the R package LME4 to fit linear mixed effects models accounting for the effects of river and breeding year on Nb LDadj /Nc, considered as random variables. The function BOXCOC from the library MASS in R (Venables and Ripley, 2002) was used to determine the best normalization transformation to apply to Nb LDadj /Nc. Nb LDadj /Nc values were thereafter log transformed. The χ 2 tests were used to compare the log likelihood of the models built using only one variable with models including two variables. From the best models, we inferred the variance of log (Nb LDadj /Nc) attributable to the river and to the year. Finally, the relationship between log(Ne Adj /Nc) and Nc on one hand and between log(Nb LDadj ) and Nc on the other hand were explored using Pearson's correlation test.
Predicting Ne and Nc from Nb
Taking into account the variability across rivers and years, we used a hierarchical linear mixed effects model to predict (1) Ne Adj from Nb LDadj and (2) Nc from Nb LDadj . This model includes the Nb Adj and Ne Adj variability (95% confidence interval) within each river by an extension of bootstrapped type II regression model with random effect of 1000 iterations (Sokal and Rohlf, 1995; Legendre and Legendre, 1998 ) using a custom R-script. Linear model were run using the function lme() of the NLME R-cran package (Pinheiro et al., 2015) . The function BOXCOC from the library MASS in R (Venables and Ripley, 2002) was used to determine the best normalization transformation to apply to Ne Adj , Nb LDadj and Nc. Ne Adj , Nb LDadj and Nc values were thereafter log transformed.
RESULTS
Genetic diversity within and among rivers
A total of 4730 juveniles were genotyped for the 15 microsatellites with an average of 3.03% of missing genotypes. The median number of juveniles genotyped per river and per year was 98 and ranged from 43 to 100 (Table 1 ). The mean number of alleles per locus was 27 and ranged from 10 to 47, whereas the number of alleles per locus per population varied from 4 to 31 with an average of 15. MICROCHECKER analysis was performed that confirmed the absence of null alleles and allele dropout. (Table 2) . Nb LD estimates varied from 34 (LAV10) to 815 (TRI08) with an average of 269, and Nb LDadj estimates varied from 29 (LAV10) to 688 (TRI08), with an average of 227 and a median of 199. The 95% confidence intervals ranged from ± 25 (LAV10) to infinite (MAT08, TRI08 and TRI12). Over the 50 samples, we obtained a single 'infinite' value, for MAT08, for which the lower limit of the confidence interval was 521 (Table 2) . Overall, the mean coefficient of variation across rivers was 0.41 and varied from 0.24 (MAT) to 0.61 (GOD). Overall, Nb LDadj and Nb sib were positively correlated (r 2 = 0.70, P-value = 2.33e − 08). Nb LDadj /Nc varied from 0.12 (MAL09) to 2.17 (PCA12). Average Nb LDadj /Nc values per river over 5 years ranged from 0.17 (MAT) to 0.89 (LAV), with an average value of 0.50 and a median value of 0.35. The estimations of effective sizes across a generation (Ne) were first assessed from single-cohort samples estimates using the equation of Waples et al. (2014) . Ne Adj values estimated from Nb LDadj varied from 124 (LAV10) to 2976 (TRI08), with an average of 980 and a median value of 863. Ne Adj estimates averaged per river varied from 196 (LAV) to 2167 (TRI), with a mean of 984 and a median value of 895. The mean coefficient of variation across rivers for Ne Adj was 0.41 and varied from 0.24 (MAT) to 0.61 (GOD). Ne estimates were also obtained by pooling all consecutive cohorts into a single analysis by river. Ne pool estimated per river ranged from 132 (LAV) to 643 (MAT), with a mean of 352 and a median value of 375. A significant positive correlation was found between the mean of Ne Adj within a river and the corresponding Ne pool (r 2 = 0.63, P-value = 0.04). Ne poolSib estimates per river ranged from 246 (LAV) to 646 (MAT), with an average of 496 and a median value of 542. Ne pool and Ne poolSib were also significantly and positively correlated (r 2 = 0.89, P-value = 0.0006013, Supplementary Material 3). The mean ratio Ne pool / Nc pool was 0.22 and ranged from 0.11 (MAT, GOD and MAL) to 0.54 (LAV) ( Table 2 ).
The LMER model that best predicted log (Nb LDadj /Nc) variation integrated both the effects of the river and that of year (log likelihood = − 48.78). Overall, 37% of the variance in log (Nb LDadjj / Nc) was explained by the river and 19% was explained by the year, leaving 44% of the variance unexplained (Table 3) . A significant negative correlation was also found between log(Nb LDadj /Nc) and Nc (r 2 = − 0.62, P-value = 1.58e − 06), as well as between log(Ne Adj /Nc) and Nc (r 2 = − 0.61, P-value = 3.77e − 06; Figure 2 ).
Predictions of Ne and Nc from Nb
Because we applied a log transformation on Nc, Nb Adj and Ne Adj variables, the linear model that actually describe our data is:
where b0 is the intercept, b1 corresponds to the slope and e is the error term.
We convert to raw data by taking the exponential of independent and dependent variables of this model, and thus we get: Here, a quasi-perfect correlation is obviously expected as Ne was directly estimated from Nb estimates. However, the main point here was to use our empirical data set to propose an empirical equation directly applicable in our system. Figure 3 shows the fit between the observed data and the hierarchical linear model for the relation between Nb Adj and Nc. The mean correlation between Nb LDadj and Nc among years within a river is 0.68. For the relationship between Nb LDadj and Ne the mean correlation between Nb LDadj and Nc among years within river is 0.15.
DISCUSSION
The goal of this study was to empirically explore the relationship between the three parameters, Nc, Nb and Ne, taking into consideration different demography factors (including genetically distinct populations) and temporal fluctuations (sampling 5 consecutive years) in 10 populations of Atlantic salmon. To achieve this, we generated one of the most comprehensive microsatellite data sets generated to date in Atlantic salmon. Our results allow performing a detailed empirical assessment of the mathematical relationship between Ne and Nb developed by Waples et al. (2014) . Precise estimates of cohortspecific Nb were quantified across a wide range of population sizes that allowed drawing the relationship with census size (Nc). In the following sections, we first discuss about factors potentially affecting Nb, Ne and their ratio to Nc in comparison with other studies conducted on the same species as well as on other taxa. Then, we consider the reliability of these relationships for wild populations and specifically for Atlantic salmon conservation.
Factors potentially affecting Nb, Ne and their ratios to Nc In our study, Nb LDadj (from 29 to 696), Ne Adj (from 106 to 2538) and Nc (from 34 to 2103) estimates generally fall within the range of values reported in other northeast Atlantic salmon populations. Nb was estimated at 198 in the Escoumins River (Québec, Canada, Perrier et al., 2014) , ranged from 70 to 352 over a 30-year study in the Northeast Brook (Newfounland, Johnstone et al., 2013) and ranged from 42 to 3784 with an average of 1016 among 9 rivers in Newfounland (Palstra et al., 2009) . Moreover, when estimating Ne from pooled years, Ne poolSib estimates were downwardly biased for large populations in comparison with estimates from the LDNE approach (Ne poolAdj ). Comparison between Nb LD , Nb LDadj and Nb sib estimates in our study also strengthens the point that Nb sib is likely downwardly biased because of overlapping generations. A putative explanation that has already been inferred either in Atlantic salmon (Johnstone et al., 2013) or in the threespine stickleback (DeFaveri and Merilä, 2015) is that in large populations, the Sibship method as implemented in Colony2 (Jones and Wang, 2010) would be more sensitive to sample size (that is, a bigger sample size would better reflect the entire Sibship network (Carrea, 2011 , but see Wang, 2016 . In contrast, Ne Adj inferred from each year seems to better reflect the extent of LD within the cohort. Moreover, to overcome the bias due to overlapping generations using the LDNe method (which assumes discrete generations), we corrected Nb and Ne estimates according to Waples et al. (2014) using three life-history traits that were identically set for the 10 rivers because river-specific data were not available. These Nb LDadj and Ne Adj estimates could therefore be refined for each river in the future given that adult life span, age at maturity and agespecific fecundity probably differ among rivers. The age at maturity is probably the parameter that varies the most among Atlantic salmon populations and consequently could have the most considerable effect on effective size estimates. However, it is difficult to obtain a good estimate for such a parameter. In particular, this would require knowing the exact proportion of mature male parr (which are early sexually maturing male salmon that are not counted in Nc estimates) in a population that could also vary among years. With a mean Ne pool /Nc pool ratio of 0.22 across sampled rivers, our results are in agreement with the review of Palstra and Ruzzante (2008) reporting a low median ratio ( = 0.14) across studies. However, we observed a pronounced variability for Ne pool /Nc pool estimates across populations (from 0.11 for the largest population MAT to 0.54 for the smallest population LAV). Consistently, the median Ne pool /Nc pool ratio has previously been shown to be highly variable within species (Shrimpton and Heath, 2003; Palstra and Fraser, 2012) and generally larger in small than in large populations, suggesting changes in biological interactions with populations abundance (Frankham, 1995; Palstra and Fraser, 2012) . Values of o1 in our populations could probably be attributed to common factors found in the wild and already reported in several studies, such as skewed sex ratios, high variance in reproductive success and fluctuations in population size through time (Nunney, 1993; Vucetich et al., 1997; Hedrick, 2005) . The inverse relationship between Ne Adj /Nc and Nc found in this study and other previous studies (Pray et al., 1996; Ardren and Kapuscinski, 2003; Araki et al., 2007; Fraser et al., 2007; Watts et al., 2007) could potentially be explained by an increase of the standardized variance in family size as Nc increases, and conversely, that this variance decreases as Nc decreases (Hedrick, 2005) . At low abundance, lower variance in reproductive success leads to relatively higher effective size, either per generation (Ne) or per cohort (Nb) (Ardren and Kapuscinski, 2003) . Indeed, Palstra and Ruzzante (2008) argue that mechanisms of genetic compensation may counteract reductions of Ne (and hence increase Ne/Nc). Such genetic compensation can be viewed as resulting in a buffering effect against loss of genetic diversity at low Nc. For salmonid fishes, genetic compensation can be reconciled with aspects of their breeding ecology (Fleming, 1996 (Fleming, , 1998 . Specifically, it is hypothesized to be due to density dependence in competition for spawning territories, competition for mates, redd superimposition or embryo mortality caused by delayed spawning (Ardren and Kapuscinski, 2003) . Contrarily, Ne/Nc ratios in large populations are generally lower because there is higher variance in breeding success.
Making sense of the relationships between Nb, Ne and Nc in the context of salmon conservation Estimating Ne over an entire generation can be challenging, whereas Nb can more easily be quantified from a single-cohort sample The χ 2 tests were used to compare the models including only the river or the breeding year to the model including both terms.
Figure 2
Relationship between log(Ne Adj /Nc) and Nc. Each dot represents a single sample (one population for a specific year) and the line was fitted with a linear regression including the 95% confidence interval (display in gray area Pearson's correlation coefficient and the associated P-value are also reported. Figure 3 Relationship between Nb LDadj and Nc variables including the 95% confidence interval (in gray area). Each dot represents a single sample (one population for a specific year) and curves were fitted based on the coefficients of the hierarchical linear mixed model. (Waples, 2005) and be a more practical parameter for managers. Here, we presented the first empirical application to the correction for overlapping generations estimating Nb LDadj and Ne Adj . Our sampling design incorporated the temporal, environmental and demographic variability and thus allows proposing an accurate prediction for this model. Therefore, for future management of Québec Atlantic salmon populations (or elsewhere in the species range), our results suggest that a single-cohort sample would be enough to get an estimate of Nb and then an extrapolated estimate of Ne.
In the present study, Nb/Nc fluctuated temporally; this also corroborates previous studies in Atlantic salmon (see, for example, Palstra et al., 2009; Johnstone et al., 2013; Perrier et al., 2013 Perrier et al., , 2016 . Nb/Nc temporal variation has also been reported in other salmonid species (Heath et al., 2002; Palm et al., 2003) . Frankham (1995) and Vucetich et al. (1997) suggested that fluctuation in census size was the largest contributor to the reduction of effective to census size ratios on both theoretical and empirical grounds, whereas Storz et al. (2001) suggested that variance in reproductive success has a pivotal role based on results of paternity analysis. If the former is correct, then genetic monitoring may be an efficient and independent means of estimating abundance of exploited populations of conservation and/or commercial interest (Ovenden et al., 2007; . A significant positive correlation between Nb and Nc has also been reported in several long-term studies (Osborne et al., 2010; Charlier et al., 2012) but not in others (Ardren and Kapuscinski, 2003; Palstra et al., 2009; Berry and Kirkwood, 2010; Serbezov et al., 2012; Duong et al., 2013; Johnstone et al., 2013; Dowling et al., 2014; Whiteley et al., 2015) . The positive correlation between Nb and Nc suggests that in the case of Québec Atlantic salmon populations, Nb Adj is an indicative parameter for tracking temporal trends within populations and that genetic monitoring can be used for detecting fluctuations in abundance. However, it is noteworthy that our model allows explaining only 27% of the variance in Nc value from Nb Adj estimates, and that 73% of the remaining variation could be explained by other factors. As reported in Perrier et al. (2016) , most of the variance in Nb Adj /Nc was explained by the river rather than year, suggesting that Nb Adj /Nc differ among rivers according to their biological characteristics. Such variability in Nb Adj /Nc could be attributed to various biological processes including differences in variance of individual reproductive success and in sex ratio (Crow and Kimura, 1970; Nunney, 1993; Frankham, 1995; Kalinowski and Waples, 2002; Hedrick, 2005) . Moreover, estimates of Nc employed in this study correspond to adult run size, ignoring the reproductive potential of individuals that mature without going to the sea. In Atlantic salmon such individuals are primarily males (Klemetsen et al., 2003) and known as mature male parr (Verspoor et al., 2007) . It has been recently shown that these mature male parr can contribute importantly to the effective population size via both their reproductive effort and the fact that they are generally maturing asynchronously from females they mate with. Thus, several studies have shown that mature male parr may fertilize relatively large proportions of eggs in the wild, ranging typically from 30 to 60% (Martinez et al., 2000; Saura et al., 2008; Grimardias et al., 2010; Richard et al., 2013) . Thus, Ne Adj /Nc and Nb Adj /Nc reports using Nc inferred from anadromous run are expected to be upwardly biased as Nc does not include mature male parr (Perrier et al., 2014) . This bias could be especially problematic because anadromous adults often contain fewer males than females (Dalley et al., 1983; Myers and Hutchings, 1987) , potentially resulting in a high degree of polygamy that may cause more pronounced reductions in Ne Adj /Nc ratios. Hence, the efficacy of Ne as a predictor of abundance may depend on intrinsic population characteristics of the species, and in particular the proportion of mature male parr and skewed sex ratio.
CONCLUSION
Here, we showed the utility of using a comprehensive empirical data set to obtain robust census and effective population or breeder sizes and depict demographic and temporal fluctuations. Nb and Ne estimates from the LDNe method and the Sibship method were congruent overall. The results show a significant correlation between Nb and Nc and between Nb and Ne, suggesting that in the case of Atlantic salmon populations, Nb offers potential to be used for tracking population abundance and effective population size. Moreover, based on Waples et al. (2014) we proposed an empirical relationship between Ne and Nb for a direct application in the conservation of the Atlantic salmon. However, our model allows explaining only 27% of the variation in Nc from Nb estimates, indicating that a large proportion of the variance in Nb/Nc exists both among populations (37%) and among years for the same population (19%). This result illustrates the need for a thorough calibration of Nb/Nc before using Nb in monitoring programs, as well as a full awareness of the limits of such approach.
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